The parathyroid glands of young rats were radioautographed after a single injection of the protein precursor tyrosine-8H in the hope of identifying the sites of synthesis and migration of newly formed protein in the gland cells . The same procedure was used after injection of the glycoprotein precursor galactose3H . As early as 2 min after intravenous injection of tyrosine-1 H, the label was mainly found in the rough endoplasmic reticulum suggesting that cisternal ribosomes are sites of protein synthesis . By 5 and 10
The parathyroid gland of the rat is composed of a single type of cells (1) (2) (3) (4) (5) . These are similar to the chief cells of man (6) (7) (8) and other species (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) , and are presumed to elaborate the hormone of the gland . This hormone has been identified as a protein (23) ; and active protein synthesis in the cells has been suggested by radioautographs showing uptake of label from bicarbonate-11C ( Fig . 16 in Reference 24) and methionine-35 S (25) . However, these results were observed in the light microscope, so that the sites of synthesis and migration of protein within the cells could not be identified . The present work is an attempt to trace newly synthesized proteins in parathyroid cells using electron microscope radioautography after injection of tritium-labeled tyrosine, an amino acid component of the parathyroid hormone (26, 27) .
The hormone is believed to be composed of a polypeptide chain without carbohydrate side chains (23, 27) . However, a light microscope examination of parathyroid cells in the monkey showed fairly large granules which, because of their staining with the periodic acid-Schiff technique, were presumed to contain carbohydrate (13) . It was thought at the time that these might be secretion granules and that the parathyroid gland, like many others (28) , might secrete a glycoprotein . Galactose 3H was then injected to find out whether its label was taken up 5 9 6 THE JOURNAL OF CELL BIOLOGY • VOLUME 51, 1971 . pages 596 into this hypothetical glycoprotein and, if so, to trace its migration by radioautography . However, when parathyroid cells were examined in the electron microscope, it was realized that the secretion granules are too small to be readily resolved in the light microscope and that the periodic acid-Schiff-stained granules are probably lysosomes . Nevertheless, the radioautographs demonstrated a substantial uptake of galactose 3H label and its migration within the organelles of parathyroid cells .
MATERIAL AND METHODS
1 mCi of L-tyrosine-3,5-3 H (The Radiochemical Centre, Amersham, Buckinghamshire, England . SA, 28 .2 Ci/mmole) was injected into the external jugular vein under ether anesthesia using groups of two animals each, which were sacrificed 2, 5, 10, or 20 min later. The same dose was injected intraperitoneally into groups of two animals each, sacrificed 30, 45, or 60 min after injection, this route being used to avoid anesthetizing them twice, once for the injection and later for sacrifice. The sacrifice was by perfusion of 4% formaldehyde in Sorensen's buffer at pH 7 .3, a fixative known to cause only a low level of binding of free amino acid (29, 30) . The dissected parathyroid glands were removed, postfixed in 1% buffered osmium tetroxide, and embedded in Epon .
In a parallel experiment run under similar conditions after injection of tyrosine-3 H, blood plasma and liver were removed and homogenized in a mixture of 10% trichloroacetic and 0 .85% phosphotungstic acid . After centrifugation, the precipitates were washed twice in the same solution and the radioactivity of the -• Plasma (cpm/O .lml of plasma) â Liver (cpm/I00mg tissue, wet weight)
.a-tea supernatants was measured as an index of the acidsoluble radioactivity, presumed to consist of free tyrosine-3 H (Fig . 1 ) .
Male albino rats weighing 38 f 3 g received an intravenous injection of about 4 .5 mCi of D-galactose-1 3H (The Radiochemical Centre . SA, 1 .17 Ci/ mmole) . The animals were again sacrificed by perfusion via the left ventricle using either 4% formaldehyde or 2 .5% glutaraldehyde, both buffered with sodium phosphate at pH 7 .2-7 .3, with additional 0.1 % sucrose and 1 % galactose . This procedure was carried out for two animals each at 2, 10, 20, and 30 min respectively, after injection. The parathyroids were postfixed in cold 1% OsO4 and embedded in Epon.
Semithin (0 .5 M) Epon sections were radioautographed (31) using an exposure of 4 wk after tyrosine-3H and 10 days after galactose-3 H injection ; and silver grains were enumerated per unit area (Tables I and II) . Grey-to-silver sections were radioautographed for electron microscopy (32) (33) (34) (35) , in which case exposure was for 7 months after tyrosine-3H and 2 months after galactose-3 H injection . Radioautographs were developed in Elon-ascorbic acid with previous gold latensification for 5-6 min at 24 âC. Staining was with ethanolic uranyl acetate for 20 min followed by lead citrate for 35 min .
One hundred electron microscope radioautographs were taken at each time interval in both the tyrosine-3 H and galactose-3H experiments and printed at a magnification of 30,000 . Counts were obtained on 20 photographs at each time interval by the method of Whur et al . (36) . The organelles identified within a "resolution boundary circle" of 6 .5 mm radius drawn around each grain were given the point rating of NAKAGAMI ET AL . These methods showed reaction not only over rough endoplasmic reticulum (rER), Golgi apparatus, and secretion granules, but also over plasma membrane and mitochondria . It was possible that some of these reactions were due to the incorporation of tyrosine label within diffusely distributed structures, such as free ribosomes or ground cytoplasm, rather than within the organelles under study ; there was also the chance of a small amount of binding of free labeled precursor ; finally, there was a very low background fog . All these, it was assumed, would occur at random . The method devised by Whur et al . (36) to minimize the effects of any "random" grain distribution and thus determine whether each organelle takes up a significant amount of label was applied to the present problem. After the organelles associated with each * 882 circles were recorded at random in a series of photographs, according to the method of Whur et al ., 1969 . silver grain had been identified within the resolution boundary circles, the same photographs were used to place circles of 6 .5 mm radius at random, and the organelles included in these random circles were again rated as done by Whur et al . (36) (Table III A Light micrograph of 0 .5 ft Epon section from formaldehyde-fixed parathyroid gland of rat . Toluidine blue staining . The parenchyma of the parathyroid gland is composed of compact clusters and cords of polyhedral or slightly elongated chief cells . Between the cords is an irregular network of loose connective tissues containing capillaries . X 280 . tration of radioactivity was measured in the tyrosine-3H experiment by dividing at each time interval the grain count over a given organelle by the volume of this organelle as measured by Chalkley's method (37) at that interval. The results are presented in the Discussion as Fig . 14 .
RESULTS
The rat parathyroid gland is composed of clusters and cords of parenchymal cells (Fig . 2) lined by a basement membrane which separates them from bands of connective tissue containing capillaries .
Parathyroid cells are small, polyhedral, and compactly arranged (Fig . 4) . They contain scattered cisternae of rER and numerous free ribosomes, rather small mitochondria, and, occasionally, microtubules, multivesicular and dense bodies (Fig . 8, L) . The Golgi apparatus is composed of several stacks made up of a few, somewhat distended saccules ; their concavity contains circular and tubular profiles, coated vesicles, and secretion granules (Fig . 5) . Secretion granules (1500-2500 A) are also present in the neighborhood in variable numbers and may be associated with coated vesicles as well as with the plasma membrane (Fig . 5) .
Tyrosine 3H Experiment
The acid-soluble radioactivity in blood plasma and liver ( Fig . 1) showed a rapid drop between 2 and 10 min after injection of tyrosine-3 H . Presumably then, the pulse of precursor available to the tissues was brief.
In light microscope radioautographs, the silver grains were fairly homogeneously distributed at all time intervals (Fig . 3) . The number of silver grains increased slightly up to 10 min and decreased to 44 % of the peak by 60 min after tyrosine-8H injection (Table I) .
In electron microscope radioautographs obtained at the earliest interval (2 min) most of the silver grains were over profiles of rER (Figs . 6 and 7) . A few silver grains occurred over Golgi apparatus and plasma membrane . Very few were over mitochondria, secretion granules, and nucleus.
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At 5 min after injection, silver grains were again seen over the rER but their frequency seemed to decrease ; and many grains appeared over the stacks of saccules of the Golgi apparatus (Fig . 8) . By 10 min there seemed to be further decrease over the rER and increase over Golgi saccules.
At the 20-and 30-min intervals, the number of silver grains dropped to a low level over the rER, while a significant number was present over the Golgi apparatus either over the saccules or the concavity of Golgi stacks . Some grains appeared over secretion granules (Fig . 9) .
At 45 and 60 min after injection, fewer grains were seen over the Golgi apparatus, while almost none were present over the rER . The number of grains over secretion granules seemed to diminish . At these and earlier times, a few grains were still seen over mitochondria, plasma membrane, and nucleus.
Counts of the total number of silver grains in the electron microscope ( Fig . 10 ; dotted line at top) followed the same pattern as observed in the light microscope (Table I) with a maximum at 10 min and a decrease to 42 % of the peak at 60 min . Counts over individual organelles revealed that the number of silver grains over the rER was high at the earliest interval but decreased rapidly thereafter . Meanwhile, the number of grains over the Golgi apparatus, which was very low at first, increased to reach a peak by 10 min and eventually decreased . The secretion granules showed a small but definite peak of labeling at 20 min and a slow decrease thereafter (Fig. 10) . FIGURE 4 Electron micrograph of several cells of the rat parathyroid gland fixed in 4% formaldehyde . Uranyl acetate and lead citrate staining . The nucleus (N) is located somewhat eccentrically . The portion of cytoplasm containing a small Golgi stack (G) is more voluminous than the opposite side which contains the nucleus. In addition, there are scattered mitochondria (M), a scanty rough endoplasmic reticulum (rER), several secretory granules (s), and a centriole (Ce) . The cytoplasm contains numerous free ribosomes in a rather light ground substance . The plasma membranes of adjoining cells (PM) show interdigitations along their course. (However, at least one surface of each cell faces a connective tissue space ; it is then straight and covered with a basement membrane, as shown in Fig . 7 .) X 19,000 .
FIGURE 5 An electron micrograph of part of a rat parathyroid cell, processed as in Fig . 4 . A prominent Golgi apparatus (G) occupies much of the picture . Secretion granules (s) are often seen on the concave (mature) face of the Golgi apparatus as well as coated vesicles . The secretion granules are spherical structures containing a core of variable electron opacity, usually with a light space between membrane and core. Two secretion granules are associated with the plasma membrane (arrows) . Mitochondria (M), some rough endoplasmic reticulum (rER), and many free ribosomes are scattered throughout the cytoplasm . Ce, centriole . X 32,500 .
THE JOURNAL OF CELL BIOLOGY • VOLUME 51, 1971 Using the method of Whur et al . (36) (Table  III B) to eliminate those organelles which might be labeled by chance revealed the rER as the only significantly labeled organelle at the earliest interval . With time, the rER count became negligible, while the Golgi uptake became prominent . Secretion granules and plasma membrane showed a significant count between 20 and 60 min .
Galactose-3H Experiment
In light microscope radioautographs, the reaction over the parenchyma of the parathyroid gland after injection of tritium-labeled galactose was distributed randomly with a peak count at 10 min (Table II) .
The electron microscope radioautographs at 2 min after injection of galactose-8H (Fig . 11) showed silver grains almost exclusively localized over Golgi stacks, with few over rER and plasma membrane .
At 10 min (Fig . 12) , besides the accumulation of grains over the Golgi apparatus, a few were observed not only over rER and plasma membrane, but also over secretion granules . At 20 and 30 min after injection of galactose 3H, the labeling of the Golgi apparatus declined further. Silver grains remained present over secretion granules at 20 but not at 30 min .
Grain counts (Fig. 13) confirmed that the Golgi apparatus showed a peak of uptake at 2 min followed by a steady decline and that the secretion granules were unlabeled at first, but reached a small peak of labeling at 20 min before losing label by 30 min .
Identification of significant counts by the method of Whur et al . (36) (Table III C) showed 60 2 FIGURES 6 and 7 Electron microscope radioautographs of rat parathyroid cells 2 min after intravenous injection of tyrosine3H .
In Fig. 6 , two parathyroid cells are separated by an intracellular space with many interdigitations of the plasma membrane. A crude rough endoplasmic reticular (rER) stack may be seen in the upper right quadrant . Most silver grains overlie this stack or other cisternae of rER . The Golgi apparatus (G) is unreactive at this time . Mitochondria, M; secretory granules, s . X 89,000 .
In Fig. 7 , a parathyroid cell faces a connective tissue space (PC) . On this surface the plasma membrane is fairly straight and lined by a basement membrane (BM) . Beyond it, the connective tissue space shows collagen fibrils (cf), a fibrocyte process (F) and the wall of a capillary with its own basement membrane (BM), and the endothelial cells (E) . The cell at left shows nucleus (N), mitochondria (M), and rough endoplasmic reticulum (rER) . Again, most silver grains are over or near elements of the rER . One grain seems to be associated with the plasma membrane (arrow at lower right center) . X 29,000 . THE JOURNAL OF CELL BIOLOGY . VOLUME 51, 1971 none over rER and mitochondria at any time interval . The count over the Golgi apparatus at 2 min after galactose-5H injection was highly significant, but decreased rapidly with time . A significant count over secretion granules was observed at the 10-and particularly 20-min intervals . The plasma membrane showed a significant count at 30 min .
DISCUSSION
The cells of a given parathyroid gland have been assumed to be in different functional states, with some of them active and others not (4, 8, 9, 14, 22) . However, silver grains appeared uniformly distributed in light microscope radioautographs following tyrosine-3H or galactose-3H injection . Hence, with regard to the uptake of these substances into protein or glycoprotein, all cells should be in about the same state of activity.
Production of Protein
The short pulse of tyrosine-3H (Fig . 1 ) allowed a clear-cut distinction between the 2-min pattern when silver grains were mostly over rER (Figs . 6,  7 ) and the 5-min pattern when silver grains were often over the Golgi apparatus (Fig . 8) . The 2-minute pattern indicated that the site of protein synthesis was the rER . Presumably, as in other cells, protein synthesis took place in relation to ribosomes (38) (39) (40) (41) (42) (43) (44) (45) (46) . Between 2 and 10 min after tyrosine-3H injection, there was a sharp drop in the radioactivity of the rER, while the total radioactivity did not decrease . Meanwhile, that of the Golgi apparatus increased, suggesting that the newly synthesized protein had migrated from rER to Golgi apparatus . Soon thereafter, the Golgi radioactivity in turn decreased (Table III B ; Fig . 10 ), whereas there was some increase in the radioactivity of secretion granules, a fact emphasized by expressing the results in terms of concentration (Fig . 14) . Indeed, morphological observations showed secretion granules arising in the Golgi apparatus (2, 8, 9, 12, 14, 19, 20) . The eventual decrease in the radioactivity of secretion granules suggested that their content was released outside the cell .
When total radioactivity was plotted against the log of time starting from 10 min after injection, the half-life of the labeled proteins in both light and electron microscope radioautographs was found to be about 45 min . Such short half-life supports the hypothesis that much of the newly synthesized protein constitutes the parathyroid hormone, since Sherwood et al . (47) have provided evidence for a rapid turnover of this hormone, with quick response of the gland to fluctuations in blood calcium .~. 
Production of Carbohydrate
It has been shown that, following an intravenous injection of galactose 3H, galactose is cleared from the blood in a few minutes (48) and therefore the pulse of labeled galactose available to the tissues was very short . At 2 min after galactose 3H injection, the only significant uptake of label was in the Golgi apparatus . In preliminary work in this Department by A . Haddad, a similar uptake of fucose-3H label was observed in parathyroid cells . The incorporation of these two sugars indicated that a glycoprotein is being elaborated by these cells . It is already known that the Golgi apparatus intervenes in the synthesis of glycoprotein (36, 46, (48) (49) (50) (51) , probably at the end of the stepwise building of their carbohydrate side chains (48) .
With time, the radioactivity of the Golgi apparatus fell (Fig. 13) , while that of secretion granules increased to a peak at 20 min and declined later. The label would thus migrate from the Golgi apparatus into secretion granules, which in turn would excrete their content outside the cell . Presumably then, the secretion granules carry the newly synthesized glycoprotein from Golgi apparatus to the outside .
The periodic acid-silver methenamine technique for glycoprotein showed moderate or weak staining of the membrane of secretion granules, whereas dense and multivesicular bodies were deeply stained (Bodak-Gyovai, unpublished) . However, dense and multivesicular bodies were seldom labeled, whereas secretion granules often were . It is presumed that the labeled glycoprotein carried by these granules is associated with their membrane . 
Relation of Protein and Carbohydrate
The most likely interpretation of the results was that the pathway of the galactose label was from Golgi apparatus into secretion granules and from there to the outside of the cells . The pathway would be the same as that of the tyrosine label from the Golgi apparatus onward . It might be objected that the decrease in the Golgi content of galactose label with time ( Fig . 13 ) was more precipitous than that of tyrosine label (Fig . 10) . This difference may simply be due to different availability of the two labels . The labeled galactose is pro- FIGURE 11 Electron microscope radioautograph of rat parathyroid cells 2 min after intravenous injection of galactose 3H . 2.50 % glutaraldehyde fixation . The parathyroid cells in this figure are connected by a junctional complex seen at top (J) . In contrast to the tyrosine 3H experiment, the silver grains are almost exclusively located over the Golgi apparatus (G) at this early time after injection . None is seen over secretion granules, (s) . M, mitochondria ; Ce, centriole . X 29,000 . (Table III C) , a result again suggesting that the destination of the glycoprotein was the cell surface . Late labeling of the membrane was also observed after tyrosine-3H (Table III B In conclusion, the parathyroid cell of the rat synthesizes and releases protein material which is presumed to be mainly the parathyroid hormone .
There is also elaboration of carbohydrate material which may be associated with the hormone in the cell or constitute a distinct glycoprotein, which may be that of the cell coat .
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